Abstract We report on a novel transformation procedure for barley by Agrobacterium infection of in vitro cultured ovules. Ovules of the cultivar Golden Promise were isolated a few hours after pollination and infected with the Agrobacterium tumefaciens strain AGL0 carrying the binary vector pVec8-GFP. The vector harboured a hygromycin resistance gene and the green fluorescence protein (GFP) gene. GFP-expressing embryos were isolated from the ovules, regenerated to plants and investigated by Southern blot analysis. Transformation frequencies amounted to 3.1% with hygromycin selection and 0.8% without selection. Mendelian inheritance and stable expression of the GFP gene was confirmed in 18 independent lines over two generations. We conclude that the described technique allows for the rapid and direct generation of high quality transgenic plants.
realized for most species. Poor tissue culture characteristics and regeneration ability constitute two major obstacles. Furthermore, current transformation protocols are almost exclusively based on the co-introduction of selection genes that during a lengthy tissue culture phase on selection medium ensure selective proliferation of transformed tissue while the growth of untransformed tissue is suppressed. In general, long tissue culture regimes and hormone induced callus formation lead to low quality and fertility of the regenerants, somaclonal variation, low transgene expression levels and unstable inheritance of the transgene (Bregitzer et al. 1998; Choi et al. 2000; Kaeppler et al. 2000; Bregitzer and Tonks 2003) . In applied research and development selection genes constitute a particular problem. A number of techniques have been developed for elimination of selection genes by e.g. excision (Srivastava and Ow 2004) or segregation (Matthews et al. 2001 ) to meet regulatory requirements and public scepticism. However, these approaches add substantially to the workload and expense of developing new transgenic crops.
Development of protocols for efficient transformation of the plant zygote presents solutions to these problems. By this approach, plants are formed directly from the zygote and the hormone-mediated dedifferentiation and differentiation regimes required for vegetative explants are superfluous. Furthermore, provided that the transgene is inserted into the genome of either the egg cell before fertilization or the zygote prior to the S-phase, the derived embryo and plant will be non-chimeric for the transgene and selection agents may be omitted.
The uttermost successful transformation method based on these principles is the in planta transformation method developed in Arabidopsis. Here, transgenic seeds are obtained from flowers infiltrated or dipped into an Agrobacterium suspension (Bechtold et al. 1993; Clough and Bent 1998) . The target is the egg cell and transformation is thought to take place either before or just after fertilization since all transgenic plants recovered are non-chimeras. Egg cells before or just after fertilization are therefore thought to be especially susceptible to Agrobacterium infection and T-DNA integration (Ye et al. 1999; Bechtold et al. 2000; Bent 2000) . Generally, the Arabidopsis procedure involves the introduction of antibiotic resistance genes that allow for the selection of transgenic seeds at germination, but visual selection by the use of fluorescent protein genes is also feasible (Stuitje et al. 2003) . The frequency of transformed seeds is of the order of 1-2% (Stuitje et al. 2003) and transformants may therefore also be identified by high throughput PCR obviating the use of selection genes. The somaclonal variation in transgenic Arabidopsis plants derived from the in planta method and plants derived from callus cultures were investigated by Labra et al. (2004) using AFLP and RAMP analysis. The transgenic Arabidopsis plants derived by the in planta method showed a low level of genomic polymorphism similar to that of control plants. In contrast, there was substantial polymorphism in plants derived from callus supporting the conclusion that callus formation induces somaclonal variation.
The development of a similar transformation procedure for other species involving direct plant formation from a transformed egg cell is highly desirable. Successful application of in planta transformation has been achieved in other species belonging to the Brassicaceae family like Pakchoi (Brassica campestris L. Chinesis) (Liu et al. 1998) , radish (Raphanus sativus L.) (Curtis and Nam 2001) and oil seed rape (Brassica napus L.) (Wang et al. 2003) . Trieu et al. (2000) obtained transgenic seeds in Medicago truncatula using the floral dip method but most of the transgenic seeds were siblings indicating that transformation had occurred prior to egg cell formation. Successful in planta transformation has not been reported for any other plant families suggesting that special flowering features of the Brassicaceae family may be optimal for the in planta transformation. Bent (2000) and Stuitje et al. (2003) proposed that successful transformation was obtained when Agrobacterium enters the female reproductive organ of Arabidopsis 5-10 days prior to anthesis by diffusion through the pistil which at this stage is still an open tube. The formation of the stigma 3-4 days prior to anthesis closes the pistil and Agrobacterium is now encapsulated in the female reproductive organ facilitating the contact between Agrobacterium and the egg cell.
In the absence of similar efficient in planta transformation techniques in cereals we commenced the development of an in vitro technique for barley that is based on the basic principle of zygote transformation. We implemented a highly efficient ovule culture technique developed for barley by Holm et al. (1995) that allows direct regeneration of high quality plants from more than 60% of the zygotes. The ovules were isolated a few hours after pollination of the egg cell, infected with Agrobacterium and cultured in vitro. We introduced the GFP gene in order to be able to monitor transformation and the progression of embryo development. We document that transgenic plants can be generated from in vitro cultured barley ovules infected with Agrobacterium. However, in most cases if not exclusively, transformation takes place at a very early stage of embryo development while we have no conclusive evidence for transformation of the zygote. The transformed plants are of high quality, are fully fertile and express and transmit the transgene over the two generations tested. When implementing hygromycin selection we obtain transformation frequencies comparable to those reported for Agrobacterium-mediated transformation of immature embryos.
Materials and methods

Plant material
The spring barley cultivar Golden Promise was grown in growth cabinets at 15
• C at day and 10
• C at night with a 16 h light period at a light intensity of 350 µE m −2 s −1 . In order to control the time of pollination and avoid selfpollination, spikes were emasculated 3-4 days before anthesis and hand-pollinated 4-5 days after emasculation by transferring one to two freshly dehisced anthers into each floret.
Ovules isolation and culture
Spikes were harvested 1-1.5 h after pollination. The ovaries were removed from the florets and surface sterilized for 10 min in 1.5% hypochlorite. After three rinses in sterile water the ovaries were placed in 90 g l −1 maltose and ovules were excised under a dissection microscope using fine-tipped forceps as described by Holm et al. (1995) . Ovaries were placed with the placental side facing downwards, the pedicel and the two lodicules were removed and the ovaries were opened by cleaving the pericarp around the ovule slightly to one side of their longitudinal axis where after the ovules were lifted out. The ovules were placed on the co-cultivation medium with their placental side facing downwards. The medium consisted of modified MS macro-and micro-elements (Murashige and Skoog 1962) , where NH 4 NO 3 is reduced to 165 mg l −1 , supplemented with 1000 mg l −1 casein hydrolysate, 690 mg l −1 proline, 150 mg l −1 myo-inositol, 90 g l
maltose, 1 mg l −1 BAP and 6 g l −1 Phytagel. The pH was adjusted to 5.8. After autoclaving and cooling, sterile Kao vitamins (Kao and Michayluk 1975) were added. Sterile acetosyringone at concentrations of 100 or 200 µM was added to the co-cultivation medium at this stage unless otherwise specified. The co-cultivation medium was performed in Sterilin 5 cm culture dishes with 8-10 ovules per dish.
Agrobacterium strain and plasmid vector
Agrobacterium tumefaciens strain AGL0 (Lazo et al. 1991) containing the binary vector pVec8-GFP (Murray et al. 2004 ) was used in all experiments. The pVec8-GFP vector contains (1) the green fluorescence protein reporter gene sGFP (S65T) inserted between the maize Ubi1 promoter and the A. tumefaciens nopaline synthase (nos) terminator, and (2) the hygromycin resistance selection gene inserted between the cauliflower mosaic virus 35S promoter and the nos terminator (Fig. 1) . A. tumefaciens AGL0 (pVec8-GFP) was grown from a single coloni in MG/L liquid medium (Tingay et al. 1997) supplemented with 25 mg l −1 rifampicin and 50 mg l −1 spectomycin for 35-40 h at 28-30
• C with shaking. Glycerol stocks were made by mixing 200 µl of culture and 200 µl of 30% aqueous glycerol in an Eppendorf tube. These were stored at − 80
• C. Agrobacterium suspensions used for infection were grown from these stocks by adding 200 µl of Agrobacterium stock to 5 ml MG/L liquid medium and incubate overnight at 28-30
• C with shaking. Acetosyringone was added 3-4 h before infection at concentrations of 100 or 200 µM unless otherwise specified. In some experiments, the Agrobacterium overnight culture at pH 7.0 and OD 600 of 1.5-2.0 was used directly for infection. In other experiments, the Agrobacterium cells of the overnight cultures were pelleted just before infection by centrifugation at 2000 × g for 7 min and the pellet resuspended in inoculation media at pH 5.2 or 5.8 to an OD 600 of 1.5-2.0 and used for inoculation. The inoculation medium contained the same compounds as the co-cultivation medium with the exception of Phytagel. In some experiments, Silwet L-77 was added to the Agrobacterium suspension to a final concentration of 0.05% just prior to infection.
Transformation
The ovules were infected with Agrobacterium immediately after isolation of ovules from the 3-4 spikes used in each experiment. Two different infection methods were used. The first method comprised pipetting a droplet of inoculum on top of each ovule. In the second method, a hole was punched with a fine needle (0.4 mm × 9 mm) in the ovule wall near the micropyle and a droplet of inoculum was placed on top of the perforated area to facilitate Agrobacterium invasion into the interior of the ovule. After 15-30 min, the ovules were turned upside down, moved along the medium to remove excess inoculum and transferred to fresh Petri dishes with co-cultivation medium. The ovules were co-cultured with Agrobacterium for 1, 2 or 3 days at 23
• C in the dark before transfer to induction medium. The induction medium contained the same components as the co-cultivation medium but lacked acetosyringone and was supplemented with 150 mg l −1 timentin. For the selection experiments 50 mg l −1 hygromycin was added. Embryos developing within the ovules were isolated after 2-3 weeks and transferred to Petri dishes with regeneration medium. The regeneration medium contained the macro-and micro-elements and vitamins of the induction medium supplemented with 250 mg l −1 casein hydrolysate, 750 mg l −1 glutamine, 0.4 mg l −1 BAP, 30 g l −1 maltose, 3.5 g l −1 Phytagel and for selection 50 mg l −1 hygromycin. After 1-2 weeks on regeneration medium, the developing plantlets were transferred to jars (4.5 cm × 11 cm) with rooting medium. The rooting medium contained the macro-and micro-elements and vitamins of the induction medium supplemented with 250 mg l −1 casein hydrolysate, 146 mg l −1 glutamine, 30 g l −1 maltose, 3.5 g l −1 Phytagel and 50 mg l −1 hygromycin when used for selection. Two to three weeks later, plantlets with at least three roots were transferred to soil and grown in pots in the greenhouse. All experiments except experiment 4, were repeated two to four times.
Analysis of reporter gene expression GFP-expression in ovules and embryos was analysed with a stereo fluorescence microscope (Wild MZ8, Leica Microsystems, Wetzlar, Germany) equipped with a Leica GFP Plus filter (480/40 nm excitation filter, a 505 nm dichromatic beam splitting mirror and a 510 nm emission filter). For the analysis of GFP-expression in pollen, we used a light microscope (Axioplan2 imaging microscope, Carl Zeiss Microscopy, Jena, Germany) equipped with a Zeiss GFP-filter (450/490 nm excitation filter, a 505 nm dichromatic beam splitting mirror and a 515/565 nm emission filter). The GFP-expression was monitored in the infected ovules and subsequently in the developing embryos. In mature plants, we initially monitored the GFP-expression in ovaries from the 10 spikes first emerging in order to assess if the plants were chimeric. Subsequently, we analysed the GFP-expression in embryos and pollens of the T 0 -plants and pollen of T 1 -plants. The segregation ratios for GFP-expression in pollen and embryos were statistically analysed by chi-square tests. We also performed a few analyses of GFP-expression in ovules using a confocal scanning microscope (TCS SP2, Leica Microsystems, Wetzlar, Germany) with an argon laser and a 488-nm excitation wavelength.
Genomic DNA gel blot analysis Genomic DNA (7.5 µg) was digested o/n with EcoRV or HindIII and separated in a 1% gel. After transfer to Hybond N + , the membrane was hybridized with a 600-bp (KpnI/BamHI) fragment of the GFP gene labelled with [ 32 P]. Transfer and hybridization was performed as described by Brinch-Pedersen et al. (2000) . EcoRV cleaves the pVEC8-GFP vector once downstream of the GFP gene while HindIII cleaves the vector once upstream of the GFP Inoculation medium was supplemented with 0.05% Silwet gene ensuring that each hybridizing band can be interpreted as a separate integration event (Fig. 1) .
Results
Agro-infection of intact ovules
In the present study, the spring barley variety Golden Promise was used for all experimental series. In experiment 1, we cultured as a control 121 ovules using the basic cultivation conditions described in Materials and methods section, omitting the transformation step and the modification hereof (Exp. 1, Table 1 ). On average, embryos were formed in 53.6% of the control ovules in the four replicate experiments. Like observed in the study by Holm et al. (1995) with the cultivars Igri and Alexis, the dividing zygote within the cultured ovule often gave rise to two or more embryos. The individual embryos were either fully separated or present as aggregates that in most cases easily could be separated. However, in some instances the aggregated embryos shared the same shoot or root meristem. On average, there were 1.4 embryos per responding ovule. Accordingly, the mean number of embryos per 100 ovules cultured amounted to 76.6. Ninety-four percent of the embryos developed into plants.
In the first transformation experiment the co-cultivation period was set to 1 day (Exp. 1, Table 1 ). Moreover, the ovules were left intact implying that the remains of the pollen tube in the micropyle region was the only potential passage for Agrobacterium into the embryo sac. The ovule response, embryo formation frequency of the infected ovules and regeneration was very similar to that of the control ovules. We did not find any GFP-expression (Exp. 1, Table 1 ).
In experiment 2, the co-cultivation period was increased to 3 days. The longer co-cultivation time reduced the embryo formation frequency compared to the untreated controls (Exp. 2, Table 1 ). After 5 days of cultivation we observed transient GFP-expression in the outer cell layers of the ovule in 12.5% of the ovules (data not shown). The number of GFP-expressing cells increased until 7-10 days after infection and then decreased gradually during the following 7 days. After 21 days of culture transient GFP-expression could no longer be identified. Transient GFP-expression was considerably increased by the addition of the vir-gene inducer acetosyringone at concentrations of 100 and 200 µM to the Agrobacterium suspension and the co-cultivation medium (Exp. 2 and Exp. 3, Table 1 ). Treatment with 200 µM acetosyringone reduced the frequency of embryo development as compared to the treatment with 100 µM in both experiment 2 and experiment 3. Thus, 100 µM acetosyringone was used in all subsequent experiments. In experiment 3, Silwet L-77 was added at a concentration of 0.05% to the Agrobacterium suspension just prior to infection (Exp. 3, embryos) were present in the same ovule but could easily be separated.
Agro-infection of perforated ovules
In order to facilitate the entrance of Agrobacterium into the embryo sac, a small hole was punched in the ovule wall with a fine needle where after the inoculum was placed on top of the area of perforation. Co-cultivation of the punctured ovules and Agrobacterium for more than 1 day resulted in a large decrease in embryo formation (Exp. 4, Table 2 ), possibly resulting from excessive Agrobacterium overgrowth of the ovules. We therefore reduced the co-cultivation time to 1 day and obtained an increase in embryo formation frequency (Exp. 5, Table 2 ). In the punctured ovules, transient GFP-expression could be identified already after 2 days and was mainly confined to cells inside the ovule (Fig. 2a  and b) . In some cases, we saw GFP-expressing cells inside the micropylar region but other cells within the ovule also showed transient GFP-expression ( Fig. 2a and b ). Following the 100 µM acetosyringone treatment we obtained one GFP + embryo. In the Silwet L-77 addition experiment the number of GFP + embryos increased to four (Exp. 5, Table  2 ). The development of the GFP + embryos in punctured ovules from day 2 until transfer to regeneration medium The experiments were repeated two to four times a Hygromycin (50 mg l −1 ) was included in induction medium b Percentage of infected ovules showing transient GFP-expression c Agrobacterium overnight cultures grown in MG/L medium used for infection of ovules d Agrobacterium overnight cultures were pelleted and resuspended in culture medium at pH 5.8 or 5.2 and used for infection of ovules is shown in Fig. 2b -f. All five GFP + embryos obtained in experiment 5 were derived from ovules where GFP − embryos also developed. The individual embryos could, like in other experiments, readily be separated and regenerated. The ovule perforation method, 1 day of co-culture and addition of Silwet L-77 to the inoculation medium were the methodological parameters used in subsequent experiments.
Effect of selection agent and different inoculation media
In a second series of transformation experiments, we implemented a selection scheme by the addition of hygromycin to the induction medium. There was no major reduction in the frequency of embryo formation compared to infected controls without hygromycin selection. In 138 ovules subjected to selection after inoculation with Agrobacterium, we found six GFP + embryos (4.3%) while only two GFP + embryos had formed in 95 ovules (2.1%) not subjected to selection (Exp. 6, Table 3 ). GFP − embryos developing in parallel with the GFP + embryos were markedly smaller and easier to remove in ovules cultured on hygromycin than in the controls. We only found one ovule where a GFP + embryo developed without additional GFP − embryos being present.
The overnight Agrobacterium culture grown in the MG/L medium has a pH of 7. Lower pH of the Agrobacterium inoculum might accelerate the T-DNA transfer and integration since the vir-genes required for T-DNA transfer are induced by acidic inoculation medium (Mantis and Winans 1992) . Overnight-cultured Agrobacterium suspensions were therefore pelleted and resuspended in inoculation medium with a pH of 5.8 or 5.2 prior to infection (Exp. 7, Table 3 ). Infected ovules were transferred to induction medium either with or without hygromycin. In this experiment, GFP + embryos were only obtained from ovules infected with Agrobacterium in inoculation medium at pH 5.8 and 5.2 while no GFP + embryos were produced from ovules infected with overnight cultures at pH 7. We found two and five GFP + embryos in non-selected and hygromycin selected ovules, respectively after using inoculation medium at pH 5.8 and one GFP + embryo in each of the two groups of ovules subjected to the pH 5.2 medium. Three of the GFP + embryos formed on induction medium with hygromycin developed in ovules without visible GFP − embryos while all other GFP + embryos obtained in experiment 6 developed together with GFP − embryos.
In experiment 7, ovules transformed with Agrobacterium in inoculation medium of pH 5.8 and subsequent transferred to induction medium with hygromycin gave the highest number of stable GFP-expressing embryos per ovule. In order to get a better estimate of the transformation efficiency with hygromycin as selection agent, an additional 246 ovules were transformed with Agrobacterium in the pH 5.8 inoculation medium. In total, we obtained 13 GFP + embryos (Exp. 8 in Tables 4 and 5 ).
Regeneration of plants from embryos showing stable GFP-expression
In experiments 3-8, we obtained 11 GFP + embryos without selection and 25 after hygromycin selection. Plantlets were regenerated from 8 and 20 of these embryos and transferred to soil after a total of 6-9 weeks of tissue culture (Table  4) . The regeneration frequencies after the − / + selection regimes were accordingly very similar (72% vs. 80%). The 28 plants were grown to maturity and the first 10 spikes of each plant were screened for GFP-expression by fluorescence analyses of isolated ovaries ( Fig. 2g and h) . Three of the eight plants regenerated without selection showed GFP-expression. One of them proved to be chimeric as GFP-expression only was found in some of the spikes. The frequency of plants expressing GFP was considerably higher in the hygromycin selection experiment. In all, 16 of the 20 regenerated plants expressed GFP in the ovaries and of these only three plants proved to be chimeric. In summary, 80% of the hygromycin selected GFP + embryos gave rise to GFP-expressing plants compared to 37.5% for the non-selected embryos. One out of the three plants derived from the non-selected embryos was chimeric while only 3 out of 13 plants originating from hygromycin selected embryos had spikes that did not express GFP. The transformation efficiency, i.e. the number of GFP-expressing plants as a percentage of the number of cultured and infected ovules is accordingly 0.8% without hygromycin selection and 3.1% with hygromycin selection. All T 0 -plants except one (GFP4 , Table 5 ) were morphological normal and had full fertility. The GFP4 plant was small, had narrow leaves and did not set seeds.
Transgene copy number, expression and inheritance
The plants regenerated from the transformation experiments were analysed by Southern blotting to confirm the integration of the GFP gene. A 600 bp fragment of the 3 2 kb G F P G F P 3 G F P 4 G F P 5 G F P 6 G F P 7 G F P 8 G F P 9 G F P 1 0 G F P 1 1 G F P 1 2 G F P 1 3 N e g . c o n tr . N e g .c o n tr . Fig. 3 Southern blot analysis of transformed barley plants. High molecular weight DNA from transformants was digested with EcoRV (negative control, GFP2-GFP13) (a) or HindIII (negative control, GFP14-GFP19 + GFP1) (b) electrophoresed, blotted and hybridized with the GFP-probe. The plant numbers correspond to those in Table 5 . Intact inserts should have a minimum size of 2.6 kb or 5.7 kb when DNA is digested with EcoRV or HindIII, respectively ( Fig. 1) GFP gene was used as the probe ( Figs. 1 and 3 ; Table  5 ). All GFP-expressing plants proved to have integrated the GFP gene as evidenced by the presence of hybridizing bands. We found no hybridizing bands in regenerants not expressing GFP (data not shown). Seven of the GFPexpressing plants showed one hybridizing band, eight had two bands, two plants revealed three hybridizing bands while four bands were found in two plants. We further analysed GFP-expression in pollen and embryos of T 0 -plants and pollen of 7-10 T 1 -plants ( Fig. 2i-l ; Table 5 ). Mendelian segregation ratios basically corresponding to the number of loci detected by Southern blotting were found in 10 of the 18 T 0 -plants. In the remaining eight transformed plants (GFP3, GFP6, GFP9, GFP14, GFP15, GFP16, GFP17, GFP18) some inserts seemed to be linked since the segregation ratios indicated a lower number of loci than the number of bands observed in the hybridization blots. The stable transmission of the GFP gene and the segregation ratios were confirmed in the analyses of the T 1 -pollen (Table 5 ) where all T 1 -plants showed the pollen segregation ratios expected from the analysis of the T 0 -plants.
Discussion
In the present study, we show for the first time, using barley as a model that transgenic plants can be generated by Agrobacterium-mediated transformation of ovules isolated just after pollination. The plants are of a high quality, are highly fertile and show no signs of somaclonal variation. Albino plants, a common phenomenon in many barley callus cultures (Cho et al. 1998 ), were also not observed in the present study. Furthermore, the integration pattern of the used GFP reporter gene is simple and the GFP trait is transmitted in a stable fashion as a Mendelian gene. Gene silencing of the GFP gene was not observed in the regenerated non-GFP-expressing plants since all plants that did not express the GFP gene also were negative in the Southern blotting analysis. Using hygromycin selection, the transformation frequency amounted to 3.1% (measured as the percentage of infected ovules that gives rise to transgenic plants) while in the absence of selection the transformation frequency is reduced to 0.8%. Different factors were found to influence the transformation efficiency. Perforation of the ovule wall ensured a faster entrance of bacteria into the embryo sac without causing severe reduction in embryo formation. Agrobacterium entry into the ovule was further facilitated by the addition of the surfactant Silwet L-77 (Cheng et al. 2004) . As observed in the floral dip method of Arabidopsis (Clough and Bent 1998) , Silwet L-77 was found to be one of the main requirements for successful transformation. Phenolic compounds like acetosyringone produced by wounded plant tissue can facilitate T-DNA transfer through the activation of vir-genes (Stachel et al. 1985) . We found that addition of acetosyringone to the inoculation medium and the co-cultivation medium increased transient GFP-expression considerably. It has also been suggested that an acidic inoculation medium is optimal for vir-gene expression (Mantis and Winans 1992) . In agreement, the inoculation media at pH 5.8 and pH 5.2 generated higher transformation efficiencies than MG/L medium at pH 7 in the current study.
We have at present limited evidence as to the timing and the cellular target for the transformation events. The barley egg cell is fertilized 45 min after pollination (Bennett et al. 1975; Engell 1989) . The S-phase is initiated 12 h after pollination and the first division of the barley zygote takes place 22-29 h after pollination (Engell 1989; Mogensen and Holm 1995) . In planta the embryo consists of 3, 4 and 7 cells at 34, 38 and 52 h after pollination (Engell 1989) . In the present study, the time used for ovule isolation and infection after fertilization was limited to 2-3 h, leaving 9-10 h for T-DNA transfer and integration before initiation of the S-phase. In theory, this interval of about 10 h should be sufficient for T-DNA transfer as transformation studies in tobacco (Nicotiana tabacum L.), maize (Zea mays L.), Petunia and Bryophyllum diagremontiana have shown that 2-8 h are the minimum time of co-cultivation required for T-DNA transfer (Virts and Gelvin 1985; Sykes and Matthysse 1986; Narasimhulu et al. 1996) .
However, in nearly all cases, we found that the stably transformed, non-chimeric GFP-expressing embryos developed together with non-transformed embryos. Furthermore, in the absence of selection one out of three plants was chimeric for the GFP gene while hygromycin selection more efficiently suppressed chimerism, i.e. only 3 out of 16 plants were chimeric. It is apparent that the tissue culture regime used somehow promotes the formation of multiple embryos. Holm et al. (1995) thus found a mean of 1.34 embryos per responding ovule by the end of the ovule culture phase which is very similar to the mean of 1.4 embryos per responding ovule in the current control experiment. Light microscope analyses of ovules cultured in vitro for 1-2 weeks often revealed the presence of aggregates of more or less individualized polyembryos rather than a single embryo . Given the high frequency of polyembryo formation, we consider it likely that the window for transformation may range from the zygotic stages until an early stage of embryo formation where a transformed cell from early stage embryos develop into a new partly or completely individualized embryo. As transformed non-chimeric embryos in the absence of selection often are as large and differentiated as their sister non-transformed embryos, we draw the tentative conclusion that transformation has taken place at an early stage of the ovule culture. However, although early stage embryos rather than the zygote are the primary targets for the Agrobacterium gene transfer, the in vitro ovule culture and infection technique is already at its current stage of development a promising alternative to other transformation techniques currently used in barley. The transformation efficiency of 3.1% obtained with hygromycin selection is very similar to that reported for Agrobacterium-mediated transformation of immature Golden Promise embryos (4.2%, Tingay et al. 1997; 2-12%, Matthews et al. 2001; 1.7-6.3%, Trifonova et al. 2001; 4.4%, Murray et al. 2004; 2%, Travella et al. 2005) . As other Agrobacterium-based techniques it also appears to be superior to biolistic transformation of barley. Travella et al. (2005) compared biolistic and Agrobacterium-mediated transformation in barley and found transformation frequencies of 1% versus 2%. The Agrobacterium-derived lines contained between one and three copies of the transgenes while 60% of the biolisticderived lines possessed more than eight copies of the transgene with extensive rearrangements. We have recently performed a study based on the generation of 191 lines from Agrobacterium infection of Golden Promise immature embryos using the same vector as in the present study. The transformation and expression frequencies amounted to 2.76 and 2.35%, respectively (Lange et al. 2006) . The integration patterns of the GFP genes were similar to that obtained in the present study. Fifty-two percent of the lines that contained the GFP gene as evidenced by Southern blotting revealed a single hybridizing band. Two to three bands were found in 33% of the lines while four or more bands were identified in the remaining 15% of the lines (Lange et al. 2006 ). In the current study, 37% of the lines expressing GFP revealed a single hybridization band by Southern blotting, 53% revealed two to three bands and 10% revealed four bands.
Immature embryo cultures require lengthy selections to allow for the amplification of transformed cells at the expense of non-transformed cells, i.e. 6-8 weeks of callus culture for Agrobacterium-mediated transformation of immature barley embryos (Tingay et al. 1997; Matthews et al. 2001) . In contrast, only 2-3 weeks of culture is required with the ovule culture method. As previously mentioned, reduced time in callus culture improve regenerability, transgene stability and transgene inheritance (Bregitzer et al. 1998; Choi et al. 2000; Bregitzer and Tonks 2003) . We have for the time being no evidence that transgenic plants generated by the current method are of a higher quality than plants generated from immature embryos. However, with one exception all the regenerated plants of this study were fully fertile, showed stable transgene expression in the two generations examined and a Mendelian inheritance of the transgenes.
In our experience, the current method is not more labour intensive than the conventional techniques based on transformation of isolated immature embryos. One person can process about 150 ovules per 8 h including emasculation, pollination, isolation and infection. Thereafter, tissue culture, isolation of embryos from the ovules and regeneration is very simple and fast. In the conventional methods, isolation of immature embryos is fast but lengthy biweekly subcultivation steps are thereafter required involving manual dissection and visual selection of promising tissues and cell lines from the tissue culture.
In the present study, we present a technique that for the first time allows for transformation of very early stage embryos or possibly zygotes in cultured ovules of barley. The transgenic plants obtained are of high quality, are highly fertile and show stable expression and inheritance of the transgenes. This, together with the fast and simple procedure required for the selection of transgenic tissue, makes the technique an attractive alternative to other transformation techniques for barley.
